Bacteriophage M 13 consists of a 6000 nucleotide singlestranded DNA core coated wih 2700 copies of the major coat protein (gene 8 protein) and several copies of three major coat proteins (Kornberg, 1980) . The gene 8 protein is a 50 amino acid amphipathic polypeptide composed of an acidic N-terminal region, a 19 residue hydrophobic central domain and a basic C-terminal ( Fig. 1) (Asbeck et al., 1969; Nakashima & Konigsberg, 1974) . Infecting virus particles deposit their coat protein molecules in the cytoplasmic membrane of the host Escherichia coli where they mix with newly synthesized coat protein (Smilowitz, 1974; Wickner, 1976) . The protein is stored in this membrane as an integral, membrane-spanning polypeptide. Phage assembly occurs within the cytoplasmic membrane and phage particles are extruded through the bacterial envelope without cell lysis. The coat protein, which is easily isolated by detergent extraction of purified pha e particles, can be specifically labelled in vivo with "F-, I C-, 'H-and "N-labelled amino acids added before infection Valentine et al., 1986; Henry et al., 1986~) . We have developed methods to incorporate the protein into detergent micelles and proteoliposomes at concentrations suitable for n.m.r. investigation (Hagen e t al., 1978; Dettman et al., 1982) . This proteolipid model system has been used to probe amino acid side-chain and backbone dynamics in the hydrophilic and hydrophobic protein domains and to examine the effect of lipid phase state on these motions. In this review we summarize the results of our n.m.r. studies on the environment, exposure and mobility of both the amino acid sidechains and backbone of M 14 coat protein.
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Abbreviations used: F-Tyr. 3-fluorotyrosine; F-Phe, 3-fluorophenylalanine; DMPC. dimyristoylphosphatidylcholine; IF-DPPA. 8-fluorodipalmitoylphosphatidic acid; nOe, nuclear Overhauser enhancement; DOC, sodium deoxycholate.
Side-chain motion studies in phospholipid vesicles
In these studies we specifically incorporated 3-fluorotyrosine (F-Tyr) and 3-fluorophenylalanine (F-Phe) into the coat protein. The two F-Tyr residues are located within the central hydrophobic core whereas the three F-Phe residues are located in the hydrophilic regions (two in the basic C-terminus and one in the acidic N-terminus). Labelled protein was reconstituted into phospholipid vesicles composed of 80% dimyristoylphosphatidylcholine (DMPC), 10% cardiolipin and 10% dipalmitoylphosphatidic acid. as described by Hagen et al. (1978) and Dettman e t al. (1982) . In addition, 8-fluoro-dipalmitoylphosphatidic acid (8F-DPPA) was incorporated to simultaneously report on the phospholipid phase state. Fig. 2 shows "F n.m.r. spectra obtained at 19°C and 4 4 T , i.e. at temperatures above and below the phase transition (24°C) of the major phospholipid, DMPC. The three peaks at -38.03 p.p.m. (F-Phe), -60.96p.p.m. (F-Tyr) and -104.7 p.p.m. (8F-DPPA) were observed at both temperatures. Although the protein contains two F-Tyr residues and three F-Phe residues, only one broad resonance was observed for each amino acid. The lack of resolution is due to the similar environment of the labelled residues and the relatively large vesicle size (1 59 f 63A) resulting in long overall rotational correlation times (Dettman et al., 1984) . The individual resonances can be resolved in protein-deoxycholate micelles where the smaller micelle size results in a much smaller rotational correlation time for the particle and thus in considerably narrower linewidths (Dettman et al., 1982) . Examination of the spectral peaks, especially at the lower temperatures, indicates that they do not follow typical Lorentzian curves but are composed of broad and narrow components (inset Fig. 2 ) with the broad component predominating at lower temperatures. I t is unclear if the broad component arises from vesicle aggregation or a change in lipid phase state resulting in some segregation of the lipid components.
We have analysed the narrow component of each resonance as a function of temperature (Fig. 3) . The F-Tyr and 8F-DPPA linewidths are very temperature sensitive, whereas the F-Phe resonance more closely follows the expected Stokes-Einstein relationship between temperature and solvent viscosity. The F-Tyr resonance broadens out dramatically below the phase transition temperature (24' C) of DMPC, indicating that the F-Tyr side chain is reflecting the gel to liquid crystalline phase transition.
To analyse the side chain motional characteristics we determined the spin lattice relaxation times, TI, the nuclear Overhauser enhancements (nOe) and the linewidths of the F-Tyr and F-Phe resonances at frequencies of 141,254 and 376 MHz. These experimental values were rationalized within a model which allows wobble about the ap-bond, free diffusional rotation about the By-bond and overall vesicle symmetry. As the overall vesicle correlation time and T I values are very dependent on vesicle size it was necessary to weight the results in accordance with the vesicle size distribution. A weighted correlation time, T~, of 1.9 x 10 'S was determined. Values of afi-bond wobble and py-bond rotation were then chosen to obtain the best fit to the experimentally determined T , and linewidth. In the model relaxation by chemical shift anisotropy and dipoledipole mechanisms via the adjacent hydrogen on the ring were considered.
For F-Tyr a wobble frequency about aB of 2 x 10's I and diffusional rotation rate about b y of 4 x 10's ' gave the best fit to the linewidth but the calculated T , was too long, indicating that additional intermolecular interactions occur. As we have shown that the tyrosine residues are inaccessible to the solvent (Hagen et al., 1979) , the most likely interactions are with the methylene groups of the phospholipid fatty acyl chains. Using a model for the rates of motion based on the conclusions of Lee et al. (1973) . for studies of lipid diffusion, we estimated the minimal lateral diffusion coefficient of the lipid which could account for the measured TI to be 3 x 10-9cm'/s, which is in good agreement with values determined by other methods (Ediden & Fambrough, 1979) . For F-Phe similar values of ap-bond wobble and By-bond rotation gave the best fit to the experimental data, but neither the calculated T I values nor the linewidth were in 619th MEETING. CAMBRIDGE good agreement with the experimental results. The calculated linewidths were too large, implying that additional motions, in the microsecond time range, occur in the hydrophilic ends of the molecule which were not considered in the model. This implies that the hydrophilic ends have more backbone motion than the hydrophobic central region. Therefore we conclude that the tyrosines, although buried, are moving rapidly, like the phenylalanines.
Bac4honP dynamic studies in micelles
Two experimental approaches have been employed to examine backbone dynamics in the M 13 coat protein solubilized in detergent: relaxation measurements on [3-"C]alaninelabelled protein as a probe of motion of the ag-bond axis (Henry et al., 1 9 8 6~) and measurements of amide hydrogen exchange rates using both 'H and "C n.m.r. (Henry et al., 1986h) .
Rela.wtion experiments. The 10 alanine residues in M 13 coat protein are distributed throughout the polypeptide in both the hydrophilic and hydrophobic segments. We have prepared [3-' 'Clalanine-labelled coat protein and incorporated the polypeptide, as a dimer, into either sodium deoxycholate (DOC) or SDS micelles. As the labelled methyl group is only one bond away from the backbone its dynamic properties reflect backbone motion. Fig. 4 shows the methyl region of a proton-decoupled "C n.m.r. spectrum of [3-"C]alanine-labelled coat protein in DOC and SDS micelles. Although these detergents have quite different properties, the spectra are very similar. Each of the resonances in the DOC spectrum and most of the resonances in the SDS spectrum have been assigned to individual alanine residues or groups of residues (Fig. 4) by pH titration (Ah-I) and proteolytic digestion experiments.
T , , Tz and nOe measurements were made for each "C n.m.r. resonance (or group of resonances) at 75MHz for the labelled protein in both DOC and SDS. Rather than devise a model, as in the "F experiments, the motions were quantified using the model free approach of Lipari & Szabo (1982a,h) . This expresses the rate of motion in terms of an effective correlation time. T,, and the spatial restriction in terms of a generalized order parameter Y ' , where .Y' = 1 represents complete order, 9 ' ' = 0 represents zero order and 0 < .Y2 < 1. For an alanine methyl group, .Y' contains contributions from rotation about the a/hxis and movement of that axis. Assuming unrestricted methyl group rotation (or equivalent three-site jumps) a parameter . Y : , s can be defined (where 0 < : & < 1) (Lipari & Szabo, 1982h) which extracts information solely about backbone motions. In both DOC and SDS only Ala-l (:f& = 0.4 and 0.5 respectively) and Ala-49 (Yd,?,,, = 0.5 and 0.7) showed any significant mobility; all other residues had order parameters equal or close to 1. Thus in both detergents, large amplitude motions (occurring on a timescale faster than T~, i.e. about 10 ns) are allowed only near the extreme ends of the polypeptide chain.
The similarity of the dynamics in DOC and SDS suggest that the protein assumes a similar conformation in both detergents. This is supported by similar pKa values for the A h -1 N-terminal amino group (8.4), similar digestion patterns with proteinase K , similar chemical shifts for assigned residues and similar circular dichroism spectra (Nozaki et af., 1976) . Thus, although these detergents interact quite differently with water-soluble proteins they appear to interact similarly with the small hydrophobic coat protein. We suggest that four residues at each end of the protein are mobile on a timescale of > 10 ns. Hydrogen exchange measurements. The measurement of hydrogen exchange rates of backbone amide protons is a potential source of information on protein structure and dynamics. Potentially, hydrogen exchange can report on dynamic events which occur on a much slower time scale than can be monitored by relaxation experiments. Assuming a model in which local dynamic fluctuations and consequent breakage of hydrogen bonds provide a transiently 'open' structure in which exchange can occur, a knowledge of hydrogen-exchange rates can provide information on opening/closing equilibria (Englander & Kallenbach, 1984; Roder et al., 1985) . The lifetime of a given hydrogen atom in a protein may also suggest its participation in an ordered secondary structure.
The exchange rates of the more slowly exchanging amide protons in SDS-solubilized coat protein have been measured in an 'exchange out' experiment. SDS was used as solubilizing agent as it is available in perdeuterated form for 'H experiments. Fig. 5 shows the aromatic and amide regions of a 'H spectrum taken 5.5min after the freeze-dried SDSsolubilized hydrogen form of the protein was dissolved in D,O at pD 1.8. The amide proton ' H n.m.r. resonances are The spectra were recorded at 75 mHz and 5000 transients were averaged; only the carbonyl carbon region is shown. The protein was 0.7 mM in a buffer containing 10 mM-SDS, 33 mM-Na, B,O, and 50% DzO.
not well resolved at any point during the exchange out of the hydrogens. However, integration of spectra at different points in time allowed resolution of the backbone amides into three kinetically distinct groups. The slowest exchanging of the three groups consists of about 16 amides; their exchange is retarded 1OS-fold compared with exchange from an open state. This exchange is slower than any of the rates measured by the isotope shift technique (see below) and we conclude that these amides reside in the hydrophobic core of the molecule. The other two groups of amides are retarded 10'-and 102-fold and consist of about 1 1 and 14 protons, respectively. These results suggest that 27 of the 50 amides of the protein are strongly hydrogen bonded in secondary structure. These elements of secondary structure must unfold independently since the exchange rates of the three groups differ by at least a factor of 10.
The rates of exchange of individual protons have been determined by an equilibrium "C n.m.r. approach (Hawkes at al., 1978) under conditions where the exchange is much more rapid than that measured by ' H n.m.r. M 13 coat protein was biosynthetically labelled at the carbonyl carbons of alanine, glycine, leucine, lysine, phenylalanine, proline and tyrosine. Resonances were assigned by pH titration, protease digestion or by doubly labelling the peptide bond with "C and "N and observing the carbon nitrogen coupling. In D,O, the carbonyl carbon of a peptide bond undergoes a small (0.08 p.p.m.) upfield isotope shift of its I3C n.m.r. resonance from its position in H,O due to deuteration of the adjacent amide nitrogen. In 1 : 1 H 2 0 / D 2 0 mixtures, two peaks are observed if the exchange rate is in the slow exchange limit (kex 6 271 'As I where 'A is the two-bond isotope shift in Hz) corresponding to the "CONH and "COND species (Feeney et al., 1974) . I f the exchange rate is in the fast limit (kex & 2n2A), a single average peak is observed. Under the conditions of these experiments hydrogen exchange is where k,,, is the base-catalysed rate constant, K,,, is the opening equilibrium constant and k,, is the exchange rate in the 'open' form (Englander & Kallenbach, 1984) . The exchange rates may therefore be manipulated between the slow and fast limits by increasing the pH (Henry et al.. 19866) . Fig. 6 illustrates the pH titration of [I-"Clphenylalanine-labelled coat protein; the collapse of the 'doublet' (coalescence) occurs at = pH 8.4 for Phe-l 1 and at pH 11 for Phe-42. The Phe-45 resonance is complex because a 'double peak' is observed in water but a coalescence pH of 10.1 can be estimated. The exchange rate can be measured by fitting the spectrum to a standard two-site exchange model (McConnell, 1958) or more simply from the pH of coalescence k,, = 27?A = 4Os-l (Henry et al., 19866 ). k,, may then be determined from eqn. ( I ) . Using a literature value for k,, (obtained with the unstructured polypeptide poly-DL-alanine) (Englander & Poulsen, 1969) modified for sequence and terminal inducive effects (Molday el al., 1972) , a retardation factor ( = l/Ko,) may be calculated as in the 'H experiments. This is plotted against sequence in Fig. 7 for a number of residues.
Taken together these exchange results suggest that the extreme ends of the proteins are not retarded at all in comparison with poly-m-alanine; this is consistent with the high degree of mobility demonstrated by the analysis of alanine methyl group relaxation times. The progressive increase in rate at the C-terminus is suggestive of an cr-helical region which probably extends throughout the hydrophobic domain. These hydrophobic amides which exchange too slowly for the "C equilibrium technique must correspond to the slowest group of amides observed by ' H n.m.r. Hydrogen exchange rates in the N-terminal region, however (Pro-6 to Tyr-24), are retarded more gradually from between 10'-and about IO'-fold. This region must contain many protons of the two faster kinetic groups observed by 'H n.m.r.; their relatively fast rates do not suggest well-ordered secondary structure even though most of this region was shown to be rigid on the nanosecond time scale.
